RATS injected with 30 ,C radioactive iodine (1131) and kept on methylthiouracil for the succeeding 15 months show adenomatous replacement of the thyroid gland and occasional thyroid carcinomas; unirradiated controls treated with methylthiouracil for 15 months develop a moderate number of adenomas but no carcinomas (Doniach, 1950 and 1953) . The radiation dose, which is comparable to that used in the treatment of Graves' disease, varies extremely widely within the rat's thyroid gland. The following experiment is an attempt to find out whether radiation in the lower part of the dosage range, given before the goitrogenic treatment, is effective or not in initiating carcinogenesis. Dosage uniformity within the thyroid was obtained by irradiation with X rays. Comparison was made between the carcinogenic effect of 30 ,C 1131 with a single exposure of the thyroid to 1100 rads X rays. This dose of X rays was chosen because we had found previously in a biological assay that it was comparable with 30 jC 1131 in its potency to inhibit the response of the rat's thyroid to a goitrogenic challenge given 4 months after the irradiation (Doniach and Logothetopoulos, 1955; Abbatt, Doniach, Flanders and Logothetopoulos, 1957) .
of the Medical Research Council at Hammersmith Hospital. The animals averaged 3 months of age at the beginning of the experiment and were killed by coal gas 15 months later. The trachea and attached thyroid were fixed in Helly's fluid; the thyroid was then dissected off and weighed. When the thyroid was pathologically adherent to neighbouring structures, the actual adhesions to cervical connective-tissue, muscle or trachea were dissected off attached to the thyroid gland. Each thyroid was bisected in a horizontal plane through the isthmus and the two halves embedded in a single block. After trimming, a ribbon of about 12 serial sections was cut at 5 It and mounted on 3 slides. One slide from each block was stained by haemalum and eosin, the spares were used for extra stains.
The rats were divided into 6 groups as follows: (1) Controls. (2) 30 ,C 1131.
(3) 1100 rads X rays. (4) Methylthiouracil in the drinking water for the duration of the experiment. (5) 30 /C Il31 followed after 3 days by methylthiouracil until the end of the experiment. (6) 1100 rads X rays followed after 24 hours by methylthiouracil till the end of the experiment. The animals on methylthiouracil were given a rest from this toxic drug for 8 weeks during the 9th and 10th month.
Six months after the start of the experiment 3 males and 2 females taken at random from each of groups (1), (2) and (3) were put on to propylthiouracil in the drinking water, 6 mg./10 ml., and killed at the end of 12 days. Their thyroids were removed and weighed in order to confirm an equivalent inhibition of induced goitrogenesis in the JI131 and X-irradiated animals.
RESULTS
The subsidiary test described above removed 15 rats from the original 160. A further 33 animals died and were discarded. Final histology was carried out on 112 rats, 66 males and 46 females.
Inhibition of goitrogenesis
The results, given in Table I , show a definite and more or less equivalent reduction in goitrogenic response in all the irradiated rats. The average weight of the control goitres was 46 mg., that of the I31 group 27 mg. and of the X-irradiated group 29 mg.
Main experiment
The findings are summarized in Table II -VII. The histological findings were the same as those described previously (Doniach, 1950 and 1953) All rats were killed at the end of a 12-day course of propylthiouracil 6 mg./10 ml. in the drinking water. collections of " solid" cellular follicles with occasional microfollicle development. There were no adenomas comparable with those found in the other groups. Adenomas were present in 4 of the 22 rats of the I131 group (Table III) and in 4 of the 13 rats in the X-irradiated group (Table IV) . One of the thyroids in the latter group weighed 160 mg. It showed adenomatous replacement of the left lobe with carcinomatous invasion of the capsule (Fig. 1 ). This thyroid was 5 to 10 times heavier than the other glands in both of these groups.
Of the 14 rats in the methylthiouracil group (Table V) 10 animals showed adenomas, the largest measuring 2.0 mm. across. There was no adenomatous replacement of any lobe. There were 24 rats in the group given 30 paC 1131 followed by methylthiouracil (Table VI) . All except 1 showed adenomas, 16 showed adenomatous replacement of the thyroid and malignancy was diagnosed in 5 (Fig. 2) . The heaviest thyroid was 385 mg. and the largest adenoma 5.0 mm. in diameter. All except 1 of the 22 rats given 1100 rads X-rays followed by methylthiouracil (Table VII) ) showed adenomas. There was adenomatous replacement of the thyroid in 17 animals and evidence of maligancy in 7 (Fig. 3, 4 , 5, 6). The heaviest gland weighed 566 mg. (Fig. 4) and the diameter of the largest adenoma was 5.0 mm. Tables IV and VI .
DISCUSSION
The findings show a close parallel between the effect of 1100 rads X rays and 30 ,uC 1131 in adenoma production in the thyroid and carcinoma production when followed by the administration of methylthiouracil for 15 months.
Due to variations between uptake and retention of iodine and distance from the gland periphery of thyroid follicles it is ony possible to express the dosage of radiation to the rat thyroid from administered radioactive iodine as a range. In our animals injected intraperitoneally with 30 ,C I131 we regarded the range to lie between 2000 and 24,000 rads (Abbatt et al., 1957) . I thought (Doniach, 1953) that the carcinogenic activity of 30 ,uC 131 might have been initiated by beta radiation of the order of 5000 to 10,000 rads and promoted by the subsequent pituitary thyrotrophic hormone (T.S.H.) stimulation induced by prolonged thiouracil. The dosage of 5000 to 10,000 rads from beta rays has been shown to be carcinogenic to the skin of experimental animals (Raper, Henshaw and Snider, 1951; Gluiicksmann, 1951 ). When we found that 1100 rads X rays and 30 jC 1131were equivalent in their potency to inhibit hyperplasia of the thyroid (Doniach and Logothetopoulos, 1955) I considered that this dose of X-irradiation which lies well below 5000 rads might be non-or only very weakly carcinogenic. If so, X rays might be used for the treatment of Graves' disease with little risk of future c&rcinoma development. However, the results have proved otherwise and require further analysis.
It is now generally accepted that prolonged stimulation with T.S.H. alone leads eventually to carcinoma formation in the rat's thyroid (Bielschowsky, 1955; Axelrad and Leblond, 1955) . The excess T.S.H. output may be produced by administrationof goitrogens (Purves and Griesbach, 1947) or by iodine deficiency (Axelrad and Leblond, 1955) .
Carcinogenic action of T.S.H.
The development of tumours as a result of prolonged excessive stimulation of the thyroid by the pituitary is an example of experimental carcinogenesis without the agency of chemical or physical carcinogens in the usual sense. Though T.S.H. is a physiological secretion and its excessive output in gross iodine deficiency is a physiological compensatory phenomenon the resultant state of the thyroid is remarkably different from the normal resting gland. In the usual laboratory environment most of the cells of the adult rat thyroid last the animal's lifetime without renewal (Leblond and Walker, 1956) . Goitrogen treatment leads to a tremendous wave of mitoses and a maintained marked cellular hypertrophy.
With the passage of time multicentric adenomas appear in increasing numbers, grow and eventually show signs of malignancy. In T.S.H. carcinogenesis, therefore, it appears that an abnormally high rate of fission induced in normal cells has led to neoplasia. Analagous examples of tumour development are seen in ovarian auto-implants into the spleen of spayed mice, testicular auto-implants into the spleen of castrated rats, mammary glands of oestrogen-treated susceptible mice and possibly in the regenerating livers of cirrhotics.
Carcinogenic action of irradiation and summation with thyroid hyperplasia
Morphological evidence has been found in the thyroid (Maloof, Dobyns and Vickery, 1952; Doniach and Logothetopoulos, 1955) and pituitary (Goldberg and Chaikoff, 1950; Doniach, 1953) that there is a maintained increased output of T.S.H. following the administration of 1131. This appears to be a compensatory phenomenon which enables the damaged thyroid to put out a normal quantity of thyroid hormone at the expense of diminished hormone storage. Thus, the adenoma formation observed in the present experiment in the I131 and X-irradiated rat groups (2) level is far higher following methylthiouracil than after 30 pC 1131. It is possible that the increased numbers of adenomas in the methylthiouracil-treated rats, group (4), as compared with the irradiated ones, groups (2) and (3), reflects the greater output of T.S.H. On the other hand the increase in T.S.H. output in the irradiated animals appears to be comparatively slight and therefore unlikely to account by itself for adenoma production within 15 months. The tumours more probably result from the effects of summation of radiation with increased T.S.H. This is supported by the finding of one carcinoma in the X-irradiated group (3) in contrast to the absence of carcinomas in the methylthiouracil rats group (4), killed after 15 months, in this and in previous experiments (Doniach, 1950 and 1953) in spite of the considerably higher T.S.H. output in the latter.
The striking summation effect in carcinogenesis of radiation followed by methylthiouracil was noted previously (Doniach, 1950) and compared with the carcinogenic summation effect of acetylaminofluorene and goitrogens first demonstrated by Bielschowsky (1944) . The added interest in the present experiment is that the effective dosage of radiation from I131 is equivalent to as little as 1100 rads X rays. This finding is of clinical interest since it suggests that X-irradiation therapy in Graves' disease carries the same risk of future carcinoma development as I131 therapy. Also it fits the recent reports (Simpson, Hempelmann and Fuller, 1955; Clark, 1955) Furth, 1954) . Gliicksmann (1951) has studied precisely the sequence of events in mouse skin exposed to about 8000 rads beta rays. The radiation leads to ulceration of the skin which heals and later breaks down and heals repeatedly with eventual development of malignancy in the exposed site. Malignancy was both initiated by the radiation and promoted by regeneration consequent to delayed radiation induced ischaemia. It is likely that the high dosage level of radiation wasnecessary not so much to initiate carcinogenesis but to induce a non-specific stimulus to tissue regeneration. Mottram (1938) Hamilton and Passonneau (1949) with the summation of beta rays and methylcholanthrene and by Boag and Gluiicksmann (1956) with beta rays and 1: 2: 5: 6-dibenzanthracene or 9: 10-dimethyl-1: 2-benzanthracene.
Lacassagne (1933) rads X rays to the thyroid. (4) Methylthiouracil for 15 months; (5) 30 ,1C 131 followed by methylthiouracil. (6) 1100 rads X rays to the thyroid followed by methylthiouracil. A few thyroids containing small adenomas were found in the 1131 and 1100 rads X ray group. In addition, one of the X ray group showed a thyroid carcinoma. Small adenomas were present in most of the methylthiouracil group thyroids. Most of the thyroids of both the irradiated groups which were treated with subsequent methylthiouracil showed adenomatous replacement. In addition, 5 carcinomas were identified in the 24 rats given 1131 followed by methylthiouracil. Seven carcinomas were identified in the 21 rats given 1100 rads X rays followed by methylthiouracil.
Thus, a single exposure of 1100 rads X rays proved equivalent to 30 ,uC 1131 in its potency to initiate carcinogenesis in the thyroids of rats subsequently treated with methylthiouracil for 15 months. This finding is discussed in relation to the range of dosage to the thyroid of 2000 to 24,000 rads from 30 uC I131 and from the point of view of the carcinogenic summation of a comparatively small dose of radiation with maintained hyperplasia induced by prolonged excessive output of pituitary T.S.H. I am grateful to Dr. P. Howard Flanders for carrying out the X-irradiation and for criticism of the manuscript, to Dr. J. H. Logothetopoulos for help in setting up the experiment, to Mr. J. G. Griffin and colleagues for the sections, to Mr. I. T. Hinton for the photomicrographs and to Mrs. D. Gearon for secretarial assistance.
